This study sought to morphometrically analyze the jejunal wall of protein-malnourished rats administered a probiotic supplement. The sample consisted of recently weaned Wistar rats (Rattus norvegicus) distributed among four groups: animals given a commercial diet (G1, n = 4); animals given the same ration as G1 plus a probiotic supplement (G2, n = 4); animals given a 4% protein diet (G3, n = 4); and animals given the same ration as G3 plus a probiotic supplement (G4, n = 4). After 12 weeks, part of the jejunum was harvested and subjected to routine histological processing. Transverse sections with a thickness of 3 µm were stained with HE, and histochemical techniques were used to assay for glycoconjugates, including staining with periodic acid-Schiff (PAS) + diastase, Alcian Blue (AB) solution at pH 2.5, and Alcian Blue solution at pH 1.0. Morphometric analysis of the bowel wall showed that the probiotic culture used in this study induced hypertrophy of several layers of the jejunal wall in well-nourished animals and reduced the bowel wall atrophy usually observed in protein-malnourished animals. Neither malnutrition nor the use of probiotics altered the relationship between the number of goblet cells and the number of enterocytes.
INTRODUCTION
Malnutrition remains one of the most devastating problems worldwide, particularly in developing countries (Solis et al. 2002) . In addition to the social causes that contribute to its prevalence, malnutrition can be a consequence of ageing and can also occur in hospitalised patients (Grover and Ee 2009) .
Malnutrition affects multiple organs and is usually reflected in a loss of body weight (Torrejais et al. 1995 , Meilus et al. 1998 , Natali et al. 2000 http://dx.doi.org/10.1590/0001-3765201420130224
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JORGE F. DE AZEVEDO et al. Zanim et al. 2003) . The morphological alterations induced by malnutrition have been thoroughly investigated. Studies using experimental proteinmalnutrition models have shown a decreased thickness of bowel wall layers, such as reductions of the mucosa (Rodrigues et al. 1985 , Firmansyah et al. 1989 , Torrejais et al. 1995 , Natali et al. 2000 , Brandão et al. 2003 , Gurmini et al. 2005 , Schoffen et al. 2005 , De Azevedo et al. 2007 , Hermes et al. 2008 , enterocyte height (Brandão et al. 2003 , De Azevedo et al. 2007 , Hermes et al. 2008 , villi height (Firmansyah et al. 1989 , Natali et al. 2000 , Gurmini et al. 2005 , crypt depth (Firmansyah et al. 1989 , Hermes et al. 2008 , and muscular layer thickness (Torrejais et al. 1995 , Natali et al. 2000 , Brandão et al. 2003 , De Azevedo et al. 2007 ). Therefore, strategies to correct or reduce the damage caused by malnutrition must be investigated. Studies using probiotics have been performed for this purpose (Solis et al. 2002 , Cano et al. 2002 , Cano and Perdigón 2003 , Dock et al. 2004a , b, Dock-Nascimento et al. 2007 , Lima et al. 2012 . Probiotics are live microorganisms that when administered in appropriate amounts, are beneficial to the health of the host's organism (O'Sullivan and O'Morain 2000) . Probiotics exhibit an improved in vitro digestibility of starch and protein (Sindhu and Khetarpaul 2002) . However, several zootechnical studies have reported controversial results regarding digestibility and increases in body mass in animals used for human consumption (Kamra et al. 1996 , De Brito et al. 2005 , Sanches et al. 2006 , Budiño et al. 2006 , Huaynate et al. 2006 , Zanato et al. 2008 . Additionally, several studies have shown that probiotics stimulate the immune system (Erickson and Hubbard 2000 , Cano and Perdigón 2003 , Villena et al. 2006 , De Souza et al. 2007 , Dewan et al. 2007 , Kaburagi et al. 2007 , Pitsouni et al. 2009 ), which could contribute to prevention or even treatment of bowel infection, which is another problem to consider in cases of malnutrition associated with anatomical and functional bowel disorders (Chandra 1992). In addition, other studies suggest that probiotics might contribute to the integrity of the intestinal barrier (Menningen and Bruewer 2009) and that they are efficacious in treating inflammatory bowel diseases (Resta-Lenert and Barrett 2009).
However, few studies have assessed the repercussions of probiotics regarding the morphology of the bowel wall in malnourished animals. Besides, the majority of them are restricted to describing alterations only of the mucosa (Allori et al. 2000 , Cano et al. 2002 , Dock et al. 2004a , b, Dock-Nascimento et al. 2007 . Concerned with to entire wall strata from malnourished rats, Lima et al. (2012) analyzed the large intestine and realized that the growth deficit of colon was prevented in animals treated with probiotics. But there are no investigations about the morphology of the different small intestine wall strata from malnourished rats treated with probiotics. Therefore, this study consisted of a morphometric analysis of the jejunal wall strata in protein-malnourished rats administered a probiotic supplement.
MATERIALS AND METHODS

ETHICS STATEMENT
This study was approved by the Animal Experimentation Research Ethics Committee of UNIPAR (protocol 11732), which follows the rules of the Brazilian College of Animal Experimentation (Colégio Brasileiro de Experimentação Animal -COBEA).
EXPERIMENTAL DESIGN
The sample consisted of 16 recently weaned (42.9 ± 1.8 g) male Wistar rats (Rattus norvegicus), which were housed in individual cages kept in a controlled temperature room (+/-25°C) with a 12-hour light-dark cycle. Food and water were provided ad libitum during the entire study.
The animals were randomly divided into four groups: G1 animals were given NUVILAB ® ration for rodents (n = 4); G2 animals were given PROBIOTICS PROTECT THE JEJUNUM OF MALNOURISHED RAT the same ration as G1 and a solution containing a probiotic supplement via gastric tube five times per week (from Monday to Friday) (n = 4); G3 animals were given a diet of which the protein content was reduced to 4%, according to the protocol suggested by Araújo et al. (2005) (n = 4); and G4 animals were given the same ration as G3 plus a probiotic supplement, as described above (n = 4). Animals in G1 and G3 were also exposed to the stress caused by tube feeding but were also given 10% skimmed powdered milk (Molico ® , Nestlé)
in an amount equivalent to 1% of the group's average body weight. After 12 weeks, the animals were weighed following 12 hours of fasting and subjected to the following anaesthesia treatment (Pachaly et al. 2003) : acepromazine (Acepran™) (1.26 mL/Kg) + 10% ketamine (1.26 mL/Kg) + 2% xylazine (0.42 mL/Kg) and 1% atropine (0.22 mL/Kg) via an intramuscular route. A laparotomy was performed to remove the jejunum in all animals, and its length and width were measured using a millimetre ruler.
PROBIOTIC CULTURE
The probiotic supplement used in this study was a commercial thermophilic probiotic culture (ABT4 -Chr Hansen, A/S Denmark) containing the following microorganisms: Lactobacillus delbrueckii ssp. bulgaricus, Streptococcus salivarius ssp. thermophilus, Bifidumbacterium bifidus, and Lactobacillus acidophilus. The culture was inoculated into skim powdered milk at a concentration of 10% of the total solids present previously sterilised by autoclaving. Then, the culture was incubated at 42°C for 48 hours. The final count was 10 10 colonyforming units (CFUs)/mL. The probiotic culture was administered to the animals in an amount equivalent to 1% of the group's average weight.
MORPHOMETRIC ANALYSIS OF THE BOWEL WALL
A 3-cm ring from the proximal area (close to the duodenojejunal flexure) of each harvested jejunum was fixed with Bouin's fixative for 2 hours, dehydrated in an ascending series of ethanol concentrations, cleared in xylol, and embedded in paraffin for subsequent sectioning into 3-μm transverse sections, which were then stained with hematoxylin-eosin (HE); periodic acid-Schiff (PAS) + diastase solution to detect neuter mucins and labile sialomucins; Alcian blue (AB), pH 2.5 to detect sialomucins and sulfomucins; and Alcian blue (AB), pH 1.0 to detect sulfomucins, according to the protocol of Myers et al. (2008) . Counterstaining with hematoxylin was performed in the techniques used to detect glycoconjugates (PAS and AB). Morphometric analysis of the bowel wall was performed using images of HE-stained sections captured by a digital camera (Moticam 2000, 2.0 Megapixel) coupled to a trinocular light microscope. Images captured with the 10X objective were used to measure villi height; with the 20X objective for total wall and mucosa thickness; and with the 40X objective for enterocyte height and the largest diameter of the nuclei, villi width, crypt depth, and submucosa and muscular layer thicknesses. A total of 80 uniformly distributed measurements were performed around the full bowel circumference of each animal's jejunum, totalling 320 measurements per group.
QUANTITATIVE ANALYSIS
The ratio of goblet cells to enterocytes was calculated. For this purpose, 16 images were captured with the 40X objective from slides of each bowel segment collected from each animal stained using each described histochemical technique. Thus, a total of 192 images of the samples stained with PAS + diastase solution, AB pH 2.5, and AB pH 1.0 were assessed for each harvested bowel segment.
STATISTICAL ANALYSIS
The type of data distribution was assessed by means of the D'Agostino-Pearson or Shapiro test. Data with a normal distribution were described using the mean ± standard deviation, and a Student's t-test was applied to compare independent samples between groups. Data that were not normal distributed were expressed as the median (25 th percentile -75 th percentile), and a comparison between the groups was performed using the Mann-Whitney test. Comparisons were performed between the following groups: G1 vs. G2; G1 vs. G3; G1 vs. G4; G2 vs. G4; and G3 vs. G4. Significance was established at a p-value lower than 0.05 in all statistical tests.
RESULTS AND DISCUSSION
At the end of the study, animals in G1 weighed 352.2±16.5 g, G2 380.9±17.3 g, G3 180.2±13.4 g, and G4 190.3±9.4 g. As found in previous studies (Torrejais et al. 1995 , Natali et al. 2000 , Araújo et al. 2005 , De Azevedo et al. 2007 , Hermes et al. 2008 , weight gain in protein-malnourished animals was lower than in well-nourished animals (p<0.001). It is worth noting that well-nourished animals administered the probiotic supplement (G2) exhibited an 8.2% greater weight gain compared to well-nourished animals without the supplement (G1) (p<0.05). In another study using rats, Ferreira et al. (2006) failed to find any contribution of a probiotic supplement to weight gain. This difference might be because the previous study used adult animals and a single genus probiotic culture (Lactobacillus sp.). In contrast, the present study used a combination of several probiotic species, which were administered on a daily basis via gastric tube to recently weaned animals. However, when compared to malnourished animals not given the supplement, the probiotics administered to malnourished animals in the present study did not affect their weight gain (p>0.05), which is in accordance to the results reported by Cano et al. (2002) and Dock et al. (2004a, b G1: Commercial diet for rodents; G2: commercial diet + probiotic supplement; G3: 4% protein chow; G4: 4% protein chow + probiotic supplement. Comparison between groups (G1 vs. G2, G1 vs. G3, G1 vs. G4, G2 vs. G4, and G3 vs. G4) was performed by applying a Student's t-test for independent samples with α=0.05. Means followed by different letters indicate significant differences at α=0.05.
The results obtained from measurements of the harvested specimens of the jejunum are described in Table I . G3 animals exhibited a significantly (p<0.05) lower bowel area compared to G1, which was expected because the animals in G1 were well nourished and those in G3 were malnourished. It is worth noting that the dimensions of the jejunum in animals that were administered the probiotic supplement (G2 and G4) did not show alterations, which corroborates the hypothesis that these micro organisms contribute to the animals' health.
Bowel area reduction was previously observed in the ileum (De Azevedo et al. 2007 ) and colon (Hermes et al. 2008) of malnourished rats in studies using the same protocol for malnutrition induction. Other experimental investigations of nutrition employing different protocols to induce protein malnutrition also detected atrophy of segments of the small bowel in rats (Da CostaRibeiro et al. 1987 , Firmansyah et al. 1989 , Meilus et al. 1998 , Torrejais et al. 1995 , Natali et al. 2000 , Brandão et al. 2003 .
PROBIOTICS PROTECT THE JEJUNUM OF MALNOURISHED RAT
The morphometric analysis of the jejunal wall (Figure 1) showed that enterocyte height increased by 5.1% in animals in G2 compared to G1 (p<0.05). This analysis indicates that the presence of probiotics in the bowel lumen probably triggers alterations in the cytoplasm of enterocytes that increase their longest axis, which in turn, increases the distance between the bowel microbiota and the bloodstream at the level of the adjacent lamina propria. Because there was no significant difference in enterocyte height between G4 and G1 (p>0.05), whereas there was a decrease in this parameter between G4 and G2 (p<0.05), it might be inferred that stimulation of the enterocytes by probiotics does not occur or is not maintained when the dietary availability of protein is low. The enterocytes are located at the interface between the lumen contents and the bowel mucosa and represent one of the main components of the intestinal barrier. Some studies have shown that several species of probiotic bacteria contribute to the integrity of the intestinal barrier, possibly by activating the expression of genes for proteins present in the occluding junctions (Mennigen and Bruewer 2009).
The mucosa thickness decreased in G3 animals compared to G1 animals (p<0.05), which has also been observed in other studies (Viteri and Schneider 1974 , Rodrigues et al. 1985 , Da CostaRibeiro et al. 1987 , Torrejais et al. 1995 , Natali et al. 2000 , Schoffen et al. 2005 , De Azevedo et al. 2007 , Hermes et al. 2008 . Conversely, the mucosa was less reduced in G4 (7.4%) than in G3 (13.5%) compared to well-nourished G1 animals (p<0.05), as illustrated in Figure 2 . Thus, the probiotics contributed to minimising the loss of the mucosa, which is a frequent occurrence in malnutrition. This loss-of-mucosa phenomenon might be better understood when considering that the mucosa of G2 animals was thicker when compared to those of G1 (p<0.05). This finding corroborates the role of probiotics as trophic mucosa stimulants suggested by Aguilar-Nascimento et al. Commercial diet for rodents; G2: commercial diet + probiotic supplement; G3: 4% protein chow; G4: 4% protein chow + probiotic supplement. Columns followed by the same letter are significantly different. Comparisons between groups (G1 vs. G2, G1 vs. G3, G1 vs. G4, G2 vs. G4, and G3 vs. G4) were performed using the Mann-Whitney test with α=0.05. and natural killer cells) in the lamina propria (Ng et al. 2009 ). Contrary to this hypothesis, Ferreira et al. (2006) used a probiotic Lactobacillus genus culture and did not find changes in the thickness of the mucosa. However, these authors added the probiotics to the feed, which might have impaired the microorganisms' viability. Additionally, this last study differs from the current one because it lasted only 40 days and employed adult animals.
Regarding the structures of the mucosa, the animals in the groups administered the probiotic supplement (G2 and G4) exhibited an increase of villi height (p<0.05), independent of their nutritional status, i.e., independent of whether they were well nourished (G2) or malnourished (G4). This finding allows the inference to be made that in animals with taller villi, nutrient absorption was probably greater as a function of the increased contact surface between the bowel wall and the lumen. Because probiotics contribute to the integrity of the bowel epithelium (Ng et al. 2009 , Resta-Lenert and Barrett 2009), appropriate positioning of enterocytes probably contributed to better digestion of peptides. Consequently, the presence of a larger absorption surface might lead to a state closer to that of homeostasis, especially under conditions where the dietary protein supply is lower than the organic requirements. If this hypothesis is true, it might help PROBIOTICS PROTECT THE JEJUNUM OF MALNOURISHED RAT to explain the greater weight gain of animals in G2 compared to G1 as well as the similar tendency observed in G4 compared to G3. Biochemical studies assessing the activity of peptidases located in the enterocyte villi must be performed to understand the actual mechanism involved in this scenario. Conversely, villi width exhibited heterogeneous behaviour because it increased in animals in G2 and G3 (compared to G1) and decreased in G4 (compared to G2 and G3) (p<0.05). Therefore, it can be inferred that the villi of well-nourished animals administered the probiotic supplement (G2) became taller and wider, whereas the villi of malnourished animals not given the probiotic supplement (G3) maintained the same height but became wider and those of malnourished animals given the probiotic supplement (G4) grew taller and thinner. Because the population density of the conjunctive tissue cells present in the lamina propria primarily determines villi width, further studies assessing the dynamics of these cells in malnourished animals receiving probiotic supplements must be performed in order to understand the observed increases in villi height/ width. This phenomenon is of paramount importance because probiotics stimulate the function of the gut-associated immune system (Ng et al. 2009 ), probably leading to greater recruitment of immune system cells present in the bowel mucosa. The recruitment of immune system cells might explain the increased thickness of both the villi and the mucosa detected in G2 animals; however, in G4 animals, this mechanism was likely affected by the lower availability of dietary amino acids, which minimised the trophic effect of the probiotics on the immune system. Ng et al. (2009) however, suggest that stimulation of the immune system by probiotics depends on the availability of dietary amino acids. The gaps in the current understanding of the mechanisms involved in probiotics stimulation must be cautiously investigated, as both the probiotics themselves and the host species are significant variables in this interaction (Verdu 2009). Broiler chicks administered different probiotic formulations also exhibited an increase of bowel villi height, but only in the duodenum, whereas the jejunum and ileum did not exhibit significant differences (Pelicano et al. 2003) .
Crypt depth decreased in malnourished animals not given the probiotic supplement (G3), probably due to the reduction of mucosa thickness. In the malnourished animals administered the probiotic supplement (G4), the crypts were similar to those in well-nourished animals (p<0.05). These findings show that the probiotics succeeded in protecting the crypts from the depth reduction caused by the lower availability of exogenous amino acids. Because bowel epithelium renewal begins in the crypts and because the crypts contain different types of cells that are directly involved in bowel homeostasis (Paneth cells, neuroendocrine cells, and goblet cells) (Junqueira and Carneiro 2008) , this study suggests that probiotics probably contributed to maintaining epithelium renewal activity; however, further investigations are required to understand the mechanisms involved in this process. Broiler chicks administered a probiotic supplement consisting of the species Bacillus subtilis and B. licheniformis exhibited an increase of the crypt depth in the duodenum, jejunum, and ileum (Pelicano et al. 2003) . This difference from the findings of the present study again shows that comparison between studies using probiotics must be addressed very carefully and must consider the microorganism and host species involved.
The submucosa was the only bowel wall layer that did not show changes in any group. Because the submucosa is composed of dense irregular conjunctive tissue that is rich in collagen and elastic fibres (Junqueira and Carneiro 2008) , the results of the present study suggest that the area occupied by these fibres did not change in response to the applied experimental treatments. However, histochemical analyses of conjunctive tissue fibres must be performed using an experimental model similar to the one used in this study to establish whether there is any qualitative or quantitative alteration of the molecules in this bowel wall layer. It might be inferred that there is a tendency to preserve the proteins constituting the collagen and elastic fibres under conditions of protein malnutrition, though this is the opposite of what is observed with respect to the behaviour of the conjunctive tissue fibres in the dermis of malnourished animals and humans (Waterlow 1996) . It could also be inferred that the presence of probiotics in the bowel lumen does not cause alterations in the submucosa. The submucosa is not commonly measured in morphometric assessments of the bowels of malnourished animals (Natali et al. 2000 , De Azevedo et al. 2007 , Hermes et al. 2008 . A single study measured the submucosa in the jejunum of malnourished rats using the same protocol as that applied in the present study and did not find alterations in the submucosa thickness (Franco et al. 2010) . Torrejais et al. (1995) measured the submucosa in the ileum of rats fed a ration containing 8% protein and reported a reduction of the submucosa; however, this result was based exclusively on a qualitative assessment. No previous study has assessed the influence of probiotics on the submucosa.
The muscular thickness decreased in all malnourished animals in the present study; however, the decrease was smaller (10.7%) in animals administered the probiotic supplement compared to animals not given the supplement (18.0%) (p<0.05), as shown in Figure 3 . Other experimental studies using the same protocol for protein-malnutrition induction as applied in the current study found a 58.9% reduction of the muscular layer in the ileum (De Azevedo et al. 2007 ), while Hermes et al. (2008) found no change in the colon. In addition, muscular layer atrophy has been observed in the duodenum (Natali et al. 2000) and ileum (Torrejais et al. 1995) of rats fed a ration containing 8% protein. These results indicate that this small bowel wall layer is quite susceptible to protein malnutrition, probably due to a mechanism similar to the one that occurs in skeletal muscle, making endogenous amino acids available to compensate for low dietary supplies (Waterlow 1996 , Araújo et al. 2005 . Because the malnourished animals that received the probiotic supplement exhibited less loss of muscular mass in the jejunum, the present study suggests that the presence of the microorganisms led to a higher accessibility of dietary amino acids, which probably reduced the protein depletion in the animals' muscular tissue. This function is likely due to the ability of probiotics to enhance the integrity of the intestinal barrier and to promote the inflow of nutrients from the bowel lumen (Resta-Lenert and Barrett 2009).
Most of the investigated jejunal wall parameters exhibited increases in the well-nourished animals that were administered the probiotic supplement (G2). The total thickness of the wall increased by 5.0% compared to the animals in G1 (p<0.05). However, in malnourished animals that received the probiotic supplement (G4), some components of the bowel wall increased, while others decreased. Thus, the total bowel wall thickness did not exhibit a significant difference compared to well-nourished animals (G1). In malnourished animals that did not receive the probiotic supplement (G3), almost all parameters showed decreases, and atrophy of the total jejunal wall thickness was observed (p<0.05). De Azevedo et al. (2007) observed a similar atrophy in the ileum of rats subjected to the same malnutrition induction protocol used in this study. Malnourished rats fed a ration containing 8% protein also exhibited atrophy of the duodenal (Natali et al. 2000) and the ileum walls (Torrejais et al. 1995) . Therefore, it is evident that protein malnutrition causes bowel wall atrophy and that the probiotics used in this study were able to prevent atrophy in the supplemented animals. Dock et al. (2004b) used the probiotics Streptococcus thermophilus and Lactobacillus helveticus and found that the microorganisms contributed to a faster recovery from bowel atrophy caused by malnutrition, which is in agreement with the current findings. PROBIOTICS PROTECT THE JEJUNUM OF MALNOURISHED RAT 
TABLE II
Mean±standard deviation of goblet cell/enterocyte ratio in the jejunal mucosa of rats subjected to protein malnutrition and administered a probiotic supplement.
G1: Commercial diet for rodents; G2: commercial diet + probiotic supplement; G3: 4% protein chow; G4: 4% protein chow + probiotic supplement. PAS: Periodic acid-Schiff; AB: Alcian blue. Comparisons between groups (G1 vs. G2, G1 vs. G3, G1 vs. G4, G2 vs. G4, and G3 vs. G4) were performed by applying a Student's t-test for independent samples with α=0.05. There is no significant difference between the groups.
The ratio of goblet cells to enterocytes remained unaltered among the study groups, independent of the histochemical technique employed in the analysis (Table II) . This result demonstrates that neither malnutrition nor probiotics affected the relationship between the number of goblet cells and the number of enterocytes or the proportions of neuter mucins, sialomucins, and sulfomucins secreted by the goblet cells. Furthermore, this lack of an effect suggests that neither malnutrition nor probiotics modified the chemical nature of the mucus coating the jejunal epithelium of the animals. In other studies applying the same malnutrition induction protocol, the number of goblet cells that are reactive to AB pH 1.0 was found to increase in the jejunum (Franco et al. 2010) , whereas the number of cells reactive to PAS and AB pH 2.5 in the colon decreases (Hermes et al. 2008) . This difference compared to the results of the present study might be related to how the cells were counted, but it could also be because the two previous studies were performed with adult rats, whereas the present study used weaned animals. In addition, none of the groups that received the probiotic supplement (G2 and G4) exhibited any alteration of the depth of crypts, which are the sites where both enterocytes and goblet cells originate, and this might also be related to the results found for the ratio of the two cell types. Generally, probiotics increase the secretion of mucins and, thus, increase the mucus layer coating the epithelium; however, this increase in secretion was observed in studies performed in the colon (Caballero-Franco et al. 2007) , including in animals with experimentally induced malnutrition (Dock-Nascimento et al. 2007 ).
The authors conclude that the probiotic culture used in the present study induced hypertrophy of several layers of the jejunal wall in well-nourished animals and minimised the atrophy usually observed in the bowel wall of protein-malnourished animals. In addition, neither malnutrition nor the probiotic supplement altered the relationship between the number of goblet cells and the number of enterocytes. These findings suggest that the use of probiotics might minimise the bowel damage usually associated with protein malnutrition.
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